A potential in vitro model for studying the mechanisms of alcohol-induced hepatocyte injury is the WIF-B cell line. It has many hepatocyte-like features, including a differentiated, polarized phenotype resulting in formation of bile canaliculi. The aim of this study was to examine the effects of ethanol treatment on this cell line. WIF-B cells were cultured up to 96 h in the absence or presence of 25 mM ethanol and subsequently were analyzed for ethanol-induced physiological and morphological changes. Initial studies revealed WIF-B cells exhibited alcohol dehydrogenase (ADH) activity, expressed cytochrome P4502E1 (CYP2E1), and efficiently metabolized ethanol in culture. This cell line also produced the ethanol metabolite acetaldehyde and exhibited low K m aldehyde dehydrogenase (ALDH) activity, comparable to hepatocytes. Ethanol treatment of the WIF-B cells for 48 h led to significant increases in the lactate/pyruvate redox ratio and cellular triglyceride levels. Ethanol treatment also significantly altered WIF-B morphology, decreasing the number of bile canaliculi, increasing the number of cells exhibiting finger-like projections, and increasing cell diameter. The ethanol-induced changes occurring in this cell line were negated by addition of the ADH inhibitor, 4-methylpyrazole (4-MP), indicating the effects were due to ethanol metabolism. In summary, the WIF-B cell line metabolizes ethanol and exhibits many ethanol-induced changes similar to those found in hepatocytes. Because of these similarities, WIF-B cells appear to be a suitable model for studying ethanol-induced hepatocyte injury.
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Introduction
The deleterious effects of alcohol abuse are characterized by appearance of fatty liver, hepatocyte necrosis, fibrosis, and ultimately cirrhosis [1] . The mechanisms behind these pathological effects are unclear, but appear to be mediated mainly by ethanol metabolism. Elucidation of the mechanisms leading to ethanol-induced hepatic injury has been hampered by a lack of appropriate in vitro models. Establishment of a hepatocyte culture system to accomplish such mechanistic studies would be ideal; however, limitations in culturing hepatocytes have hindered progress in this area. In conventional culture, hepatocytes exhibit early phenotypic changes leading to a decrease or loss of many liver-specific phenomena, including expression of alcohol dehydrogenase (ADH) and ethanol metabolism [2, 28] . In attempts to elucidate effects of ethanol metabolism on hepatocyte injury, other hepatic and nonhepatic cell lines have been utilized [3] [4] [5] [6] , but these cell lines are limited in their similarities to hepatocytes, both in morphology and function.
In view of the limitations of previously used culture systems for mechanistic studies of ethanol-induced hepatotoxicity, the WIF-B cell line was studied as a possible model. The WIF-B cell line is a highly differentiated and polarized rat hepatoma hybrid, which forms bile canaliculi-like structures [7] . This cell line has been reported as a good in vitro model for studying many hepatocyte-specific phenomena, such as hepatocyte polarity [8, 9] , protein secretion [7] , bile acid transport [10] , intercellular communication [11] , and protein transport [12] . This cell line is also stable over many passages [13] .
To determine the usefulness of the WIF-B cell line as a model for ethanol-induced hepatocyte injury, this study investigated the activities of ADH and aldehyde dehydrogenase (ALDH), ethanol metabolism, and acetaldehyde production. This study also examined the activity and level of cytochrome P4502E1 (CYP2E1), lactate/pyruvate redox ratios, cellular triglyceride levels, and morphological changes caused by ethanol metabolism.
Materials and methods

Materials
F-12 Coon's modified culture medium, medium supplements, UV triglyceride assay kit, lactate assay kit, pyruvate assay kit, and horse radish peroxidase-conjugated antirabbit secondary antibody were from Sigma Chemical Co. Fetal bovine serum was from Hyclone. Rabbit anti-CYP2E1 polyclonal antibody was from Calbiochem. All other materials were of reagent grade.
Hepatocyte isolation
Hepatocytes from chow-fed rats were isolated as previously described [30] . Hepatocyte viability was determined by trypan blue exclusion and was routinely greater than 90%.
Cell culture
WIF-B cells were a generous gift from Dr. Ann L. Hubbard (Johns Hopkins University School of Medicine, Baltimore, MD, USA) and were cultured as described by Cassio et al. [14] . Cells were routinely passaged at day 7 for propagation at 1:3 Â 10 4 cells/cm 2 . For experiments, cells were plated at a density of 1:6 Â 10 4 to 1:9 Â 10 4 cells/cm 2 . WIF-B cells at approximately 80% confluence (day 9 or 10) were cultured up to 96 h in the presence or absence of 25 mM ethanol and/or 4-methylpyrazole (4-MP). At the beginning of each experiment, the media was supplemented with 10 mM HEPES, pH. 7.0. The dishes were sealed with two layers of parafilm and incubated for the specified times. Except for the ethanol metabolism and acetaldehyde production studies, all experiments performed at 72 or 96 h were given one media change at 48 h and were then resealed. Experiments were performed successfully through 10 passages.
Ethanol metabolism
Ethanol metabolism studies were performed as described previously [3] , using media from WIF-B cells incubated in the presence or absence of 25 mM ethanol up to 96 h. Ethanol and acetaldehyde concentrations were determined by headspace gas chromatography [15] .
ADH and ALDH activities
WIF-B cells were incubated up to 96 h in the presence or absence of 25 mM ethanol as described above. At specific times, the media was removed and the cells were washed with PBS, pH 7.4. The cells (approximately 1:5 Â 10 6 cells/ 60 mm dish) were lysed with 400 ml of 1% Triton X-100 in H 2 O and sonicated with a Branson sonifier. As a comparison, lysates from freshly isolated hepatocytes were prepared in a similar manner. ADH and ALDH activities were determined as described previously [3] .
Triglyceride extraction and analysis
Extraction of triglycerides was performed essentially as described by Folch et al. [17] . After exposure to 25 mM ethanol for 48 or 96 h, WIF-B cells (approximately 5 Â 10 6 cells/100 mm dish) were rinsed with PBS, pH 7.4, and were harvested by scraping. The cells were collected at 1000 rpm and the pellet was sonicated in PBS, pH 7.4. Five volumes of chloroform:methanol (2:1) was added to the sonicated material to extract the triglycerides. The triglyceride content was determined using the UV triglyceride assay kit according to manufacturer's instructions. The cell number was determined on an aliquot of the original sonicate by DNA quantification [18] .
Cellular redox state
The WIF-B cellular redox state was determined by examining the concentrations of lactate and pyruvate in the culture medium as described previously [4] . WIF-B cells were incubated in the presence or absence of 25 mM ethanol and at specific times the media was collected. The protein was precipitated with trichloroacetic acid (7% final concentration) and the soluble fraction was analyzed using lactate and pyruvate assay kits according to the manufacturer's instructions.
Preparation of microsomes
WIF-B cells incubated for 96 h in the presence or absence of 0.5 mM 4-MP were harvested by scraping. The cell suspension was sonicated and microsomes were prepared by differential centrifugation. Microsomal pellets were resuspended in PBS, pH 7.4, containing 20% glycerol. Protein content was determined according to the method of Lowry et al. [16] . Microsomes were also prepared from freshly isolated hepatocytes for comparison.
p-Nitrophenol oxidation assay
Microsomal proteins (50-200 mg) from hepatocytes and WIF-B cells were analyzed for CYP2E1 activity as previously described by Wu and Cederbaum [19] .
Immunoblot analysis of CYP2E1 expression
Immunoblots were prepared as described previously [20] using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and loading 4 mg of microsomal protein from hepatocytes and WIF-B cells. The blots were blocked for 1 h at 37 8C in Blotto (PBS, pH 7.4, 0.05% Tween-20, 5% nonfat dry milk), then were incubated overnight at 4 8C with a rabbit anti-CYP2E1 polyclonal antibody. The blots were washed and incubated for 1 h at 25 8C with horse radish peroxidase-conjugated anti-rabbit secondary antibody. Blots were washed thoroughly, developed using enhanced chemiluminescence, and exposed to film. Densitometric analyses were performed using a Molecular Dynamics Personal Densitometer SI and Image QuaNT software.
Quantification of morphological phenomena
WIF-B cells were examined under phase contrast at 20Â magnification using a Nikon TMS inverted microscope. The cell number, the number of bile canaliculi, and the number of cells with projections were counted. Three random fields consisting of at least 150 cells per field were counted for each experimental condition, with a minimum of four experiments analyzed. Cell and nuclei diameters were measured using the Scion Image program (public domain image analysis software, Scion Corporation). Estimating the nuclei at 10 mm, the cell diameters were converted to micrometers, and were reported as such.
Statistical analysis
Results were expressed as mean AE S:E:M. Comparisons between untreated and ethanol-treated WIF-B cells were made with the Student's t test for paired data; P<0:05 was considered significant. Comparisons among three groups of data were made using a one-way ANOVA with the Tukey's post hoc test; P<0:05 was considered significant.
Results
Initially, WIF-B cells were examined for ADH activity and ethanol metabolism. WIF-B cells had approximately twice the ADH activity of freshly isolated hepatocytes, based on equal protein amounts assayed (Table 1) . This activity did not change significantly through 10 passages. The ability of the WIF-B cells to metabolize ethanol in culture was then investigated. As shown in Fig. 1A , the concentration of ethanol decreased in a linear fashion through 96 h. To ensure the clearance of ethanol was due to its metabolism, a potent inhibitor of ADH and CYP2E1, 4-MP, was added at the onset of the experiments. Addition of 0.5 mM 4-MP was sufficient to inhibit ethanol clearance (Fig. 1A) . Analysis of ADH activity in WIF-B cells showed no significant change due to exposure to ethanol (Table 1) .
Ethanol metabolism in hepatocytes produces acetaldehyde, an extremely reactive compound implicated in ethanol-induced hepatocyte injury [21] [22] [23] . The production of acetaldehyde by the WIF-B cells was then investigated. Acetaldehyde was detectable 1 h after addition of ethanol (approximately 20 mM), reached a maximum concentration at 6 h (approximately 40 mM), but decreased to basal levels by 48 h (Fig. 1B) . These results are in accordance with previous reports analyzing acetaldehyde levels in freshly isolated hepatocytes [24, 25] . The production of acetaldehyde was inhibited by the addition of 0.5 mM 4-MP, indicating the acetaldehyde produced was from ethanol metabolism. The low amount of acetaldehyde observed in freshly isolated hepatocytes cultured in the presence of ethanol is in part, due to its metabolism by cellular ALDH enzymes, particularly the low K m ALDH (reviewed in Ref. [27] ). To explain the low and transient acetaldehyde concentrations in the WIF-B cells, the cellular ALDH activities were examined. Although WIF-B cells had approximately half the total ALDH activity found in hepatocytes, these two cell types had roughly the same activities of the low K m ALDH (Table 1) . While the low Km ALDH activity in ethanol-treated WIF-B cells decreased significantly over 96 h compared to t 0 , the Lysates from WIF-B cells at days 9-10 of culture (t 0 ) were compared to those from freshly isolated rat hepatocytes for ADH and ALDH activities. activity from the ethanol-treated cells was not significantly different from control cells incubated 96 h (Table 1) . CYP2E1, a cytochrome P450 enzyme implicated in ethanol-induced liver injury, was also examined in the WIF-B cells. Immunoblot analysis using an anti-CYP2E1 antibody revealed that the WIF-B cell microsomes had approximately 25% the level of CYP2E1 found in hepatocyte microsomes (Fig. 2) . Incubation of WIF-B cells with 0.5 mM 4-MP for 96 h increased the level of CYP2E1 to approximately 65% of that in hepatocytes. These levels were consistent with CYP2E1 activity observed using the p-nitrophenol oxidation assay. CYP2E1 activity from chow hepatocyte microsomes was 1:36 AE 0:09 nmol/mg/min while the activity from WIF-B microsomes was 0:36 AE 0:11 nmol/mg/min (approximately 26% of the activity found in chow hepatocytes). Incubation for 96 h with 4-MP increased the activity in the WIF-B microsomes to 0:87 AE 0:25 nmol/mg/min (approximately 64% of the activity in chow hepatocytes; n ¼ 4).
Metabolism of ethanol by ADH and acetaldehyde by ALDH generates NADH, resulting in a reduced redox state in hepatocytes (reviewed in Ref. [39] ). To determine the effects of ethanol metabolism on the WIF-B cellular redox state, these cells were cultured up to 96 h in the absence or presence of 25 mM ethanol. A marked increase in the lactate/pyruvate (NADH/NAD þ ) ratio was observed after ethanol exposure for all times examined (Fig. 3) . Incubation of these cells in the presence of 25 mM ethanol and 0.5 mM 4-MP completely reversed the ethanol-induced change in redox state (data not shown). These results are in accordance with those obtained from other cell lines transfected with ADH [4, 5] and those obtained from isolated hepatocytes [24] . WIF-B cells were incubated in the presence or absence of 25 mM ethanol for 48 or 96 h, and were examined for cellular triglyceride levels. By 48 h, the level of triglycerides in the ethanol-treated cells was elevated approximately threefold over the control level (Fig. 4) . A similar elevation was observed after 96 h (data not shown). Addition of 0.5 mM 4-MP reversed the ethanol-induced increase in triglyceride content (Fig. 4) , indicating that the accumulation of triglycerides was a result of ethanol metabolism. These data are in accordance with the development of fatty liver in hepatocytes isolated from rats chronically fed an ethanol-containing diet [26, 27] .
An important structural feature of mature WIF-B cells is the presence of bile canaliculi. After incubation of mature WIF-B cells with 25 mM ethanol for 48 h, a number of morphological differences were observed. Cells incubated with 25 mM ethanol exhibited 33% fewer bile canaliculi, a threefold increase in the number of cells with lamellipodia and filopodia, and a 1.2-fold increase in cell diameter and the cells appeared less uniform in shape than control cells (Table 2 , Fig. 5A and B) . Similar results were obtained with 50 mM ethanol (Fig. 5C) . Addition of 0.5 mM 4-MP inhibited the ethanol-induced morphological changes WIF-B cells were cultured for 48 h in the absence (control) or presence of 25 mM ethanol or 25 mM ethanol þ 0:5 mM 4-MP, and were analyzed as described in Section 2. The results shown are from four separate experiments, analyzing three random fields for each experiment. a 25 mM ethanol is significantly different from both the control and the 25 mM ethanol þ 4-MP; P < 0:01. b 25 mM ethanol þ 4-MP is significantly different from control; P < 0:01.
( Table 2 , Fig. 5D ). Incubation of WIF-B cells in the presence of 0.5 mM 4-MP alone had no observed morphological effects (data not shown). These results are in accordance with previous studies that noted impaired bile canaliculi formation in hepatocytes exposed to ethanol [34, 35] .
Discussion
A major difficulty in studying the mechanisms of ethanol-induced hepatocyte defects in function and morphology is that cultured hepatocytes lose many liver-specific functions, such as ADH expression and ethanol metabolism [28] . In an effort to obtain in vitro models to elucidate the mechanisms underlying ethanol-induced hepatocyte injury, many hepatic and non-hepatic cell lines have been examined [3] [4] [5] [6] . While the information obtained from these cell lines is very useful for elucidating cellular effects concerning ethanol metabolism, these cell lines are limited in their functional and structural similarities to hepatocytes. These deficiencies limit their usefulness in determining overall effects of ethanol that result in hepatocyte dysfunction. Therefore, an in vitro model that closely resembles normal hepatocytes would be beneficial for elucidating the injury-inducing mechanisms of ethanol. It has been previously established that the WIF-B cell line, a rat hepatoma/human fibroblast hybrid, has many functional and morphological similarities to hepatocytes [7] [8] [9] [10] [11] [12] [13] . This cell line forms functional bile canaliculi, obtains a hepatocyte-like cell polarity, expresses many hepatocytespecific genes, and is stable over many passages. This cell line has been extensively used to study the effects of hepatocyte-specific polarity on intercellular communication, bile acid transport, and protein and membrane trafficking pathways [8, [10] [11] [12] 40] .
Experiments were performed on the WIF-B cell line to determine its potential for studying the effects of ethanol on hepatocyte functions. Initially, these cells were examined for ADH, ALDH, and CYP2E1 activities and their ability to metabolize ethanol and produce acetaldehyde. These studies showed that the WIF-B cells express active ADH and CYP2E1 and readily metabolize ethanol. While the level and activity of CYP2E1 in WIF-B cells were relatively low compared to hepatocytes (approximately 25%), incubation with the CYP2E1 inducer, 4-MP, increased the level and activity approximately 2.5-fold without affecting WIF-B function or morphology. Even though 4-MP inhibits ADH and CYP2E1 activities, it also increases the level of CYP2E1 [41, 42] . Therefore, preincubation of these cells with 4-MP to induce CYP2E1 followed by ethanol treatment in the absence of 4-MP makes this cell line a potential model for studying CYP2E1-mediated effects in ethanol-induced injury.
Since the cells readily metabolized ethanol, the production of acetaldehyde was examined. Acetaldehyde is the metabolite thought to participate in ethanol-induced hepatocyte injury. The concentration and production profile of acetaldehyde in WIF-B cells are very similar to hepatocytes treated with ethanol [24, 25] . In addition, examination of the low K m ALDH in the WIF-B cells revealed its activity was almost identical to that found in hepatocytes, suggesting acetaldehyde was being readily metabolized. These similarities make the WIF-B cell line an appropriate model for studying the role of acetaldehyde in ethanolinduced hepatotoxicity.
The WIF-B cells also exhibit physiologic and morphologic changes in response to ethanol metabolism. Incubation with a modest amount of ethanol (25 mM) for a relatively short period of time (48 h) resulted in a more reduced redox state and significant accumulation of cellular triglyceride. Notably, these effects were maintained up to 96 h with no significant changes. These effects are due to ethanol metabolism and are very similar to the reduced redox state and the development of fatty liver in hepatocytes after ethanol exposure [27, 39] . Development of fatty liver is speculated to be the first step in developing alcoholic liver disease [24, 26, 27] .
WIF-B cells appear to lose polarity in response to ethanol metabolism, as evidenced by the loss of bile canaliculi and the increase in the number of cells containing projections. Previous studies noted the loss of intercellular communication and impairment in bile canaliculi formation in hepatocytes treated with ethanol [34, 35] , so the mechanism(s) underlying these changes caused by ethanol may be similar between these two cell types. The morphological changes observed in the WIF-B cells after ethanol treatment may also involve altered cytoskeletal arrangement, leading not only to the observed morphological changes, but also altered functions. In fact, ethanol treatment does affect cytoskeletal architecture in hepatocytes, resulting in defective vesicle transfer, endocytosis, and protein secretion [28] [29] [30] [31] [32] [33] . Studies using hepatocytes in vitro have shown that tubulin and actin can be adducted by acetaldehyde, which affects their ability to polymerize and form microtubules and microfilaments, respectively [36] [37] [38] . These protein adducts could play a role in the defective cytoskeletal functions observed after ethanol treatment. Key future studies include analyzing the WIF-B cells for these ethanol-induced defects and elucidating the mechanism(s) responsible for the defects.
In summary, the WIF-B cell line, already studied as a model for hepatocyte architecture and function, efficiently metabolizes ethanol and expresses enzymes thought to be responsible for ethanol-induced hepatotoxicity. Treatment of this cell line with a modest amount of ethanol produces many of the same effects found in hepatocytes, including loss of polarity and development of fatty liver. These effects are due to the metabolism of ethanol since cotreatment with ethanol and 4-MP alleviates all of the observed ethanol-induced effects. The results from this study indicate enormous potential for this cell line as a model for studying structural and functional consequences of ethanol-induced hepatocyte injury. The WIF-B cell line holds promise for studies ranging from examination of ethanol-induced protein adducts and CYP2E1-mediated injury to elucidation of the mechanisms responsible for the ethanol-induced hepatic defects in cytoskeletonmediated protein and membrane trafficking. This cell line will also be useful for studies examining the long-term effects of ethanol, which are not currently feasible with cultured hepatocytes.
